Telomerase represents a relevant target for cancer therapy. Molecules able to stabilize the G-quadruplex (G4), a structure adopted by the 3 0 -overhang of telomeres, are thought to inhibit telomerase by blocking its access to telomeres. We investigated the cellular effects of four new 2,6-pyridine-dicarboxamide derivatives displaying strong selectivity for G4 structures and strong inhibition of telomerase in in vitro assays. These compounds inhibited cell proliferation at very low concentrations and then induced a massive apoptosis within a few days in a dosedependent manner in cultures of three telomerase-positive glioma cell lines, T98G, CB193 and U118-MG. They had also antiproliferative effects in SAOS-2, a cell line in which telomere maintenance involves an alternative lengthening of telomeres (ALT) mechanism. We show that apoptosis was preceded by multiple alterations of the cell cycle: activation of S-phase checkpoints, dramatic increase of metaphase duration and cytokinesis defects. These effects were not associated with telomere shortening, but they were directly related to telomere instability involving telomere end fusion and anaphase bridge formation. Pyridine-based G-quadruplex ligands are therefore promising agents for the treatment of various tumors including malignant gliomas.
Introduction
In most somatic cells, telomeres -the nucleoprotein structures at the end of eukaryotic chromosomesprogressively shorten with successive cell divisions until they reach a particular state in which replicative senescence is triggered, leading to cell-cycle arrest (for a review, see McEachern et al., 2000) . Telomeres are maintained by telomerase, a specific reverse transcriptase. The catalytic subunit of this enzyme, hTERT, uses its RNA subunit (hTR) as a matrix for adding TTAGGG repeats to the ends of chromosomes. Telomerase gene expression is repressed in most somatic cells, although limited expression associated with the S phase has been observed in normal cycling cells (Masutomi et al., 2003) . In contrast, it is reactivated in the vast majority of tumors (90%). Telomerase is thought to render cancer cells capable of unlimited proliferation by maintaining and protecting telomeres (Shay and Bacchetti, 1997; Chan and Blackburn, 2002) . Telomerase is therefore considered to be a relevant, promising target for the development of new anticancer drugs. However, telomere length may also be maintained in some cancer cells by an alternative lengthening of telomeres (ALT) mechanism based on homologous recombination (Henson et al., 2002) .
Several classes of telomerase inhibitors have been developed in recent years . These inhibitors include G-quadruplex ligands, which target the telomeres rather than telomerase itself. G-quadruplex ligands are thought to inhibit telomerase activity by stabilizing the folding of the telomeric G-rich singlestranded overhang into a four-stranded DNA structure called the G-quadruplex (Zahler et al., 1991; Neidle and Parkinson, 2003) . Some of these ligands have been shown to impair telomerase function in cancer cells, resulting in replicative senescence, which is associated with both telomere shortening and terminal growth arrest (Gowan et al., 2002; Riou et al., 2002; Shammas et al., 2003; Tauchi et al., 2003) . Interestingly, as they interact directly with telomeres, and not telomerase, G-quadruplex ligands may also be effective in cancer cells proliferating by ALT-dependent mechanisms (Gowan et al., 2001; Riou et al., 2002; Kim et al., 2003) .
Malignant gliomas are the most common primary tumor of the central nervous system and represent the second leading cause of cancer-related deaths in children and young adults. The most frequent form, glioblastoma multiforme, is very aggressive and invasive and is highly refractory to anticancer treatment. Glioblastoma patients generally survive for less than 18 months after diagnosis, despite treatment by a combination of surgery, radiation therapy and chemotherapy (Holland, 2000) . Although much less frequent than telomerase activation in most cancer types, it has been suggested that ALT occurs in almost 25% of glioblastoma multiforme tumors (Hakin-Smith et al., 2003) .
In this study, we investigated a new series of 2,6-pyridine-dicarboxamide derivatives, selected in vitro on the basis of highly selective interactions with telomeric G-quadruplex (as compared with double-stranded DNA) and for their potent inhibitory effects on telomerase (Mailliet et al., 2003) . These new ligands induced a delayed growth arrest followed by massive apoptosis in three telomerase-positive glioma cell lines, T98G, CB193 and U118-MG. These effects were related to multiple alteration of cell cycle progression including activation of S-phase checkpoints, increase of metaphase duration and defects in cytokenesis that appeared directly linked to telomere instability. The pyridine derivatives also had antiproliferative effects on SAOS-2, an ALT cell line. These pyridine-based G-quadruplex ligands provide therefore new opportunities for the development of alternative treatments for malignant gliomas proliferating by telomerase-or ALT-dependent mechanisms.
Results

In vitro properties of new G-quadruplex ligands
Four new G-quadruplex-interactive telomerase inhibitors (831A, 832A, 307A and 360A) were selected from a series of 2,6-pyridine-dicarboxamide derivatives (Table 1) on the basis of their potent and selective inhibition of telomerase activity and stabilization of telomeric G-quadruplex DNA (Mailliet et al., 2003) . The biochemical affinities and selectivities of these compounds for telomerase inhibition and G-quadruplex stabilization are presented in Table 1 . The stabilization of a telomeric G-quadruplex was assessed by G4-FRET. The DTm values obtained for these ligands were >201C, indicating strong interactions with four-stranded structures. These new compounds also displayed potent telomerase inhibition with IC 50 values of 0.22-0.45 mM, associated with a high selectivity ratio (33-150) with respect to Taq polymerase inhibition in the TRAP-G4 assay (Gomez et al., 2002) . These ligands also had a much higher affinity for G-quadruplex structures than for other forms of nucleic acids, as demonstrated by equilibrium dialysis experiments and other techniques Mandine et al., in progress; Guittat et al, in progress) . Thus, ligands from the 2,6-pyridine-dicarboxamide series reported here are about 10 times more selective than the previously described derivative 115405 from the 2,4,6-triamino-1,3,5 triazine series . 307A and 360A displayed the best compromise between activity and selectivity in vitro. Another dicarboxamide derivative, 979A, which lacks the central pyridine moiety (Table 1) and does not interact with quadruplex structures or inhibit telomerase (at concentrations up to 10 mM), was also selected as a useful negative control for subsequent cellular experiments.
Pyridine derivatives reduced the viability of telomerase-positive glioma and ALT cell lines
We investigated the cellular effects of pyridine derivatives on three telomerase-positive glioma cell lines with Measured by TRAP-G4 assay . b Ratio of IC 50 against telomerase to IC 50 against the internal PCR control (Gomez et al., 2002) . c Measured by G4 FRET assay .
d Index obtained by alphascreen test (Mandine et al., in preparation) . This high-throughput luminescent assay allows measuring the pairing inhibition of a telomere-based oligonucleotide, able to form G4 structure, with its complementary strand. The inhibition of pairing of a closely related oligonucleotide, unable to form any G4, is measured in parallel, thus enabling to evaluate the selectivity of ligands versus B-DNA.
e Inactive compound G-quadruplex ligands in glioma cell lines G Pennarun et al short telomeres (mean telomere restriction fragment (TRF) lengths lower than 4 Kb): T98G, CB193 and U118-MG, and on a primary culture of normal astrocytes (telomerase negative and with a mean TRF length around 10 kb) (Figure 1a and b). The telomerase status of the cell lines was further confirmed by semiquantitative real-time PCR (Figure 1c) , showing that glioma cell lines expressed large amounts of hTERT mRNAs, encoding the catalytic subunit of telomerase, whereas these mRNAs were undetectable in normal astrocytes. Although it has been suggested that ALT occurs in a significant proportion of glioma patients (Hakin-Smith et al., 2003) , no glioblastoma cell line displaying ALT has yet been described. We therefore also investigated the possible effects of the G-quadruplex ligands on this particular type of glioma, using as model a previously described ALT osteosarcoma cell line: SAOS-2 (Bryan et al., 1997) . This typical ALT cell line lacks telomerase activity and hTERT mRNAs and has highly heterogeneous telomere lengths, with some very long telomeres exceeding 20 kb (Figure 1 ). We first assessed the cellular effects of the Gquadruplex ligands using the WST-1 assay in shortterm cultures (3 and 7 days). This assay allowed us to measure the results of their effects on cell proliferation and cell death. We observed no cellular effect in any of the cell types after 72 h of treatment with any of the pyridine derivatives for concentrations up to 20 mM. In contrast, the triazine derivative 115405 dramatically decreased the cell viability in all cell cultures, causing a massive cell death with IC 50 between 0.4 and 0.970.3 mM. The rapid kinetic of the induction of cell death by this compound, which is not selective for Gquadruplex structures in in vitro assays, is consistent with published data .
After 7 days of treatment (Table 2 ), no effect of Gquadruplex ligands was found in primary astrocyte cultures, for concentrations up to 20 mM, except a reduced effect of 360A (IC 50 of 17.4 mM). However, we showed using WST-1 assay that the pyridine derivatives 307A, 360A and 832A significantly decreased cell viability and/or cell proliferation in the telomerasepositive glioma cell lines T98G and CB193, with IC 50 between 2.6 and 13.3 mM, whereas U118-MG cells were sensitive only to 360A, with an IC 50 of 8.4 mM. The ALT cell line, SAOS-2, were sensitive to 307A and 832A, with IC 50 between 5.7 and 6.9 mM, consistent with previous reports showing that compounds interacting with Gquadruplex structures inhibit proliferation in cells maintaining telomeres by the ALT mechanism (Gowan et al., 2001; Riou et al., 2002; Kim et al., 2003) .
The inactive pyridine derivative 979A had no effect on any of the cell types tested, suggesting that the cellular effects of G-quadruplex ligands were related to the selective binding to and stabilization of the G-quadruplex. Plabeled telomeric probe. (b) TRAP products were analysed by electrophoresis in a 12.5% polyacrylamide gel, stained with ethidium bromide. We used 100 ng of protein extract from each sample in the TRAP assay. High levels of telomerase activity were found in T98G, CB193 and U118-MG malignant glioma cells, whereas the ALT cell line, SAOS-2, displayed no telomerase activity like the normal astrocytes used as telomerase-negative control cells. CEM1301 cells were used as a telomerase-positive control. The arrow indicates the 36 bp internal control (IC) for PCR. The data are representative of two independent experiments. (c) Detection and evaluation of hTERT mRNA levels by semiquantitative real-time RT-PCR. hTERT transcripts were detected in T98G, CB193 and U118-MG glioma cell lines, but not in SAOS-2 cells, or normal astrocytes. hTERT mRNA levels are expressed with respect to those in CEM1301 cells and are normalized with respect to that of 18S rRNA. The data are the means7s.d. of two independent experiments G-quadruplex ligands reduced the rate of population doubling and induced cell death in telomerase-positive glioma and ALT cell lines
We further characterized the biological effects of pyridine derivatives by assessing the effects of treatments on population doublings in long-term cultures ( Figure 2 ). T98G cells were the most sensitive of the three glioma cell lines. Indeed, concentrations of 307A of 0.1-5 mM decreased the rate of cell proliferation in a dose-dependent manner, and this decrease was detectable after 1 week of treatment ( Figure 2a ). This decrease was followed by complete growth arrest within 2 weeks, associated with massive cell death, as shown by the apparent decrease in PD number between two seedings. Light microscopy on day 13 ( Figure 2b ) revealed a large decrease in cell density and morphological changes typical of differentiated astrocytes: ramified cells with an increase in cytoplasmic volume, in a significant proportion of cells. A similar pattern of growth arrest and delayed cell death of T98G cells was obtained with the pyridine derivatives 831A, 832A and 360A (data not shown).
In U118-MG cultures, we also observed dose-dependent growth arrest followed by massive cell death within 3 weeks of treatment with 1 or 5 mM 307A (Figure 2a ). CB193 cells appeared to be significantly less sensitive ( Figure 2a ). Indeed, 1 mM 307A had no effect on CB193 cell proliferation for up to 40 days of treatment. However, the treatment of CB193 cells with 5 mM 307A decreased the population-doubling rate within 7 days and led to massive cell death within 2 weeks, resulting in a large decrease in cell density in the culture flasks and changes in cell morphology, with the cells becoming enlarged and changing shape ( Figure 2b ).
The ALT cell line SAOS-2 was sensitive to the longterm effects of 307A ( Figure 2a ). 307A (5 mM) abolished cell proliferation and induced cell death within 3 weeks. However, 1 mM 307A induced only a slight inhibition of SAOS-2 cell growth.
Finally, CB193 cultures were unaffected by treatment with 1 and 5 mM of the control, inactive pyridine derivative 979A, and only a slight decrease in population-doubling rate, with no increase in the rate of cell death observed in T98G cultures treated with 5 mM 979A (Figure 2c ). Thus, active pyridine derivatives had specific effects related to their G-quadruplexbinding properties. Conversely, the decrease in cell growth rate induced by 979A in T98G cells may reflect nonspecific cellular events. This inactive compound, which is not selective for the G4-structure, may bind elsewhere in the genomic DNA and disturb cellular functions such as DNA replication or gene transcription.
Inhibition of cell cycle progression and induction of apoptosis in CB193 and T98G glioma cells
We detected no SA-b-galactosidase-positive cells in T98G or CB193 cultures treated with the pyridine derivatives, indicating that these compounds did not induce a senescence program in these cell lines (data not shown).
Cellular DNA content determination by flow cytometry showed that the treatment of T98G with 1 mM 307A induced a marked decrease in the percentage of cells at the G0/G1 phase and dramatically increased the percentage of cells in S phase (Figure 3a) . After 7 days of treatment (thus after more than three population doublings, see Figure 2a ), 32% of cells were in S phase compared to 21% in untreated control. After 9 days, they were more than 55%, demonstrating that pyridine derivative treatment resulted in a block in S-phase progression.
After 12 days, the dramatic increase in the percentage of cells in sub-G1 phase indicated the induction by 307A of a massive apoptosis (Figure 3a) . This was further confirmed by the detection of more than 20% TUNELpositive cells (Figure 3b ).
CB193 cultures treated with 5 mM 307A displayed a similar growth arrest in S phase, followed by massive apoptosis, as shown by the large increase in the percentages of: (1) sub-G1 fraction cells, (2) TUNELpositive cells (20.6% on day 11 and 39% on day 14) and (3) cells containing cleaved caspase-3 (21.9% on day 11 and 35.2% on day 14) (Figure 4) .
The compound also induced apoptosis in SAOS-2 cultures as shown by sub-G1 quantification ( Figure 5 ). However, apoptotic induction was associated with a moderate increase of the fractions of cells in S and G2/ M phases ( Figure 5 ), suggesting that the compound triggers different pathways in these ALT cells compared to glioma cell lines.
Finally, time-lapse video live-cell imaging showed that, after 7 days of treatment, 1 mM 307A altered cell cycle progression in T98G cultures not only at the S phase but also led to a dramatic increase of metaphase duration and major cytokenesis alterations ( Figure 6 ). These observations indicate thus that the G-quadruplex ligands have delayed pleiotropic actions on cell cycle progression.
Telomeric instability in cultures treated with pyridine derivatives
We detected no significant change in mean TRF lengths in cultures of T98G cells after 13 days of treatment with 979A or 307A compared to DMSO controls ( Figure 7a ) and in cultures of CB193 cells after 13 days of treatment with 5 mM 307A (Figure 7b ). The telomeric 3 0 -overhang has been shown to be a key component of telomere structure . We have thus examined the effect of the ligands on the telomeric G-overhang by using a nondenaturating hybridization technique (Cimino-Reale et al., 2001; Gomez et al., 2003) . Continuous treatment of T98G cells with 1 mM 307A led to a slight, but significant decrease of the G-overhang signal that correlated with the growth arrest (Figure 7c ). The G-overhang signal was found decreased by 27% after 10 days. Therefore, these data suggested that the delayed growth arrest and apoptosis induced by pyridine dicarboxamide derivatives may be related to an alteration of the length of telomeric G-overhang, but not to a modification of the telomeric doublestranded DNA length, in agreement with the previous finding on other cell lines using either a hTERT dominant-negative construct or another G-quadruplex ligand (Masutomi et al., 2003; Gomez et al., 2004) .
Finally, we showed that 307A induced telomere instability in T98G and CB193 cultures, as evidenced by the frequent detection (Table 3) 
Discussion
We report here the characterization of the cellular effects of a new chemical series (pyridine derivatives) with very high specificity and selectivity toward Gquadruplex structures and telomerase inhibition. We show that four 2,6-pyridine-dicarboxamide derivatives (831A, 832A, 307A and 360A) blocked cell proliferation and induced apoptosis, but not senescence, in cultures of three telomerase-positive glioma cell lines -T98G, CB193 and U118-MG -and in cultures of an ALT cell line. The lack of effects of 979A, a control pyridine derivative with no specific G-quadruplex affinity or telomerase inhibition capacity, highly suggests that Moreover, the lack of effects of G-quadruplex ligands on cultures of normal astrocytes after 7 days of treatment, as assessed by WST-1 assay, suggests that telomerase-negative normal cells may be less sensitive to these compounds than immortalized cells maintaining their telomeres by means of telomerase or ALT. The precise mechanisms of action of G-quadruplex ligands are not completely understood. G-quadruplex ligands are hypothesized to stabilize the G-quadruplex structures adopted by the 3 0 overhang of the telomeres, thereby preventing telomerase-mediated telomere elongation (Neidle and Parkinson, 2002) . The direct inhibition of telomerase has been shown to result in the gradual shortening of telomeres with successive cell divisions, until a critical length is reached, resulting in signaling for cell growth arrest and cell death (Herbert et al., 1999) . Selective telomerase inhibitors are therefore supposed to act only after some rounds of replication, depending on initial telomere lengths. Consistent with such a mechanism of action, we showed that active pyridine derivatives required several rounds of replication (3-7 depending on the cell line) to induce cell growth arrest even when these compounds were used at high concentrations. Moreover, the active pyridine derivatives induced cell death in the glioma cell lines within delays (1-3 weeks depending on drug concentration) similar to that observed by direct inhibition of telomerase activity in cell lines with short telomeres in other studies (Hahn et al., 1999; Zhang et al., 1999; Nakajima et al., 2003) .
The frequent detection of both chromosome end fusions in metaphasic nuclei and anaphase bridges confirmed that pyridine derivatives act on telomeres and induce telomeric instability as in the case of deprotected telomeres (van Steensel et al., 1998; De Lange, 2002) . However, we did not detect telomere shortening in cultures exposed to pyridine derivatives. In particular, telomere lengths were similar in treated T98G and CB193 cells at the time of cell growth arrest and just before cell death. Although it could not be excluded that treatments may have caused slight telomere erosion due to telomerase inhibition sufficient (especially for the shortest telomeres) to cause cell growth arrest, our data suggest that whole telomere shortening is not the main mechanism induced by pyridine derivatives leading to telomeric instability. This is also supported by the observation that telomerasepositive lymphoblastic cells, CEM1301, that have very long telomeres (mean TRF greater than 30 kb) undergo apoptosis in response to the G-quadruplex ligands with kinetics similar to that of glioma cell lines with short telomeres (Granotier et al., submitted) .
Telomeric G-overhang degradation was found to be associated with the onset of replicative senescence in normal cultured cells , but also with telomere capping alterations when the function of TRF2 was inactivated (van Steensel et al., 1998) . A recent work also indicated that telomestatin induced G-overhang degradation (38-52% in human A549 cells treated for 8-12 days) in association with the onset of replicative senescence . We observed a slight, but significant, shortening of single-stranded 3 0 overhang in T98G cells treated by 307A. This shortening of the 3 0 overhang might have resulted either from inhibition of telomerase-mediated telomere maintenance or from perturbations of the end-capping functions of other proteins, such as hPOT1 (Baumann and Cech, 2001) . Alternatively, it could have resulted from attempts of the cellular machinery to eliminate Gquadruplex structures and their ligands through endonuclease-mediated degradation (Zhu et al., 2003) . However, further experiments are needed to determine:
(1) if the 3 0 overhang shortening is a general phenomenon in cells treated with G-quadruplex ligands or is limited to certain cell types such as A549 and T98G cells (this study) and (2) if 3 0 overhang shortening is the main cause of telomeric instability in G-quadruplex-treated cells or only a secondary consequence of the treatment (for example, related to apoptotic pathways). Indeed, it could not be ruled out that telomeric instability may be directly due to other mechanisms such as the perturbation of the correct conformation of telomere ends by G-quadruplex stabilization.
We showed that S-phase arrest preceded the induction of apoptosis by 307A in glioma cell lines, suggesting activation of the S-phase DNA damage checkpoint. Since pyridine derivatives, in contrast to nucleoside analogs (Shi et al., 2001; Sampath et al., 2002) , require at least three to five cell divisions to elicit S-phase arrest, they are unlikely to block DNA replication nonspecifically. Rather, these data may be related to those of Eller et al. (2003) showing that DNA oligonucleotides homologous to the telomere 3 0 overhang sequence specifically activate an S-phase checkpoint by modifying Nijmegen breakage syndrome protein (p95/NBS1), a response mediated in part by ATM but independent of p53. Moreover, the involvement of ATM-dependent DNA damage response in the activity of another G-quadruplex-interactive telomerase inhibitor has been reported previously . Such a pathway could therefore be involved in the cellular effects of the pyridine derivatives. The shortening of the telomere 3 0 overhangs induced by the G-quadruplex ligands could disrupt the normal telomere loop structure, and thus result in their abnormal exposure leading to a cellular DNA damage response that could involve p95/NBS1 and ATM, but not p53, since T98G is mutated for p53 (Mercer et al., 1990) . Apoptosis of glioma cells could thus result from the inability of cells to pass S-phase checkpoints, but also from alterations during mitosis for cells that pass this checkpoint and progress in the cell cycle.
The dramatic increase of metaphase duration and the defects in cytokenesis in treated cultures are probably the direct consequence of telomere instability that allows chromosome end fusions and thus prevents the correct segregation of telomeres. Recently, Dynek and Smith (2004) have demonstrated that telomeres of sister chromatids normally associate and that their resolution is required for progression through mitosis. G-quadruplex ligands could thus also interfere with these steps by prevention of the correct conformation of telomeres and/or by inducing the formation of intermolecular Gquadruplex structures possibly favored by sister chromatid association.
Other compounds interacting with G-quadruplex structures, such as the pentacyclic acridine RHPS4 (Gowan et al., 2001) , triazine derivatives and a fluoroquinoanthroxazine series (Kim et al., 2003) , have been shown to inhibit proliferation in ALT cell lines. We showed that the pyridine derivatives alter cell cycle progression and induced apoptosis of SAOS-2 cells, but not exactly in the same ways as those in glioma cell lines. The effects of our pyridine derivatives on ALT cell lines may be also related to impairment of telomere functions, as proposed for telomerase-positive cell lines. Alternatively, the inhibition of specific helicases involved in ALT may have impaired homologous recombination, resulting in cell growth arrest and ALT cell death as reported for other G4-interactive ligands ).
As we show here, the effects of G4-interactive ligands depend on the cellular context. The lack of induction of a senescence program in glioma cell lines and in SAOS-2 cells may be related to the defects in essential genes, for example, T98G and U118-MG have no functional p53 and p16INK4A (Alonso et al., 2003) , whereas SAOS-2 lack both p53 and pRB (Shew et al., 1990; Craig et al., 1998) . Defects in the induction of a senescence program may allow cells to continue to divide despite Gquadruplex-induced telomere dysfunctions, a process leading to the induction apoptotic pathway as a consequence of multiple cell cycle alterations.
We show here that the new highly selective Gquadruplex ligands of a 2,6-pyridine-dicarboxamide series inhibited proliferation and induced apoptosis of telomerase-positive glioma cell lines with short telomeres and were also effective on ALT cell lines. They interfere with telomere maintenance and multiple steps of the cell cycle. They represent thus a promising new family of compounds for use in cancer therapy. Alone, or in combination with other treatments, such as radiotherapy, they may provide a new basis for the treatment of glioblastoma multiforme, which currently has a very poor prognosis, but also of other types of telomerase-positive or ALT tumor.
Materials and methods
Cells
Human glioma T98G, CB193 and U118-MG cells were kindly provided by Dr Gras (CEA, France) and primary cultures of normal human astrocytes by Dr Horellou (INSERM EMI 0020, Clamart, France). Human osteosarcoma cell line SAOS-2 was obtained from Dr Malfoy (Institut Curie, France). Cultures were performed in DMEM medium (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen), 2 mM glutamine (Sigma) and antibiotics (penicillin, 100 U/ml; streptomycin, 100 mg/ml).
Chemical compounds
Triazine derivative 115405 was synthesized according to patent WO 0140218. Derivatives 831A, 832A, 307A, 979A and 360A have been described elsewhere (Mailliet et al., 2003; Lemarteleur et al., 2004) and their detailed chemical synthesis will be presented in another paper. These compounds were dissolved in dimethyl sulfoxide (DMSO) at a concentration of 10 mM to produce stock solutions, which were stored at À201C. These solutions were diluted with culture medium immediately before use.
Cell treatments
The cell proliferation reagent WST-1 assay (Roche) was performed according to manufacturer's instructions. In brief, cells were seeded at various densities, depending on cell type (0.25-4 Â 10 3 cells/well in 100 ml complete medium), in 96-well culture plates and treated with various concentrations (0.1-20 mM) of compounds or the corresponding concentrations of DMSO (control wells) for 3 or 7 days at 371C in an atmosphere containing 5% CO 2 . For 7-day assays, the medium was changed on day 3. Experiments were performed in triplicate.
For long-term exposure studies, cells were grown in 75 cm 2 flasks (5 Â 10 5 cells/flask) and exposed to compounds at various concentrations. Control cells were treated with the corresponding concentrations of DMSO. Every 3-4 days, cells were treated with trypsin, and counted using trypan blue. We then reseeded flasks at a density of 5 Â 10 5 cells/flask. The remaining cells were collected for further analysis. Experiments were performed at least in duplicate.
Telomerase activity assay
Telomerase activity was assessed with the TRAPeze ELISA Telomerase Detection Kit (Intergen) according to the manufacturer's instructions. Briefly, we assayed 100 ng of protein extract in a 50 ml reaction mixture containing 10 ml of 5 Â TRAP reaction mix and 2 U of Taq DNA polymerase (Amersham Pharmacia Biotech). The reaction mixture was incubated for 30 min at 301C for telomerase extension, and was then subjected to PCR amplification for 33 cycles of 941C for 30 s, and 551C for 30 s on a PTC-200 thermocycler (MJ Research). Amplified products were visualized on a 12.5% nondenaturing polyacrylamide gel, after electrophoresis and staining with ethidium bromide.
Semiquantitative analysis of hTERT gene expression by LightCycler PCR
Reverse transcription was performed with 3 mg of total RNA. The first-strand cDNA was synthesized with 0.75 mg of random hexamers (Promega) and 300 U of Moloney murine leukemia virus reverse transcriptase (Invitrogen). Amplification was performed in 8 ml of Light Cycler DNA master SYBR Green I mix (Roche) containing 3 mM MgCl 2 , 2ml of cDNA and primers specific for hTERT (5 0 -TGGCACGGCTTTTGTT-CAGA-3 0 and 5 0 -CTTGGCTTTCAGGATGGAGT-3 0 ). The level of hTERT transcripts was normalized by simultaneously amplifying the human 18S rRNA transcript, as a control, with the specific primers (5 0 -TGTGATGCCCTTAGATGTCC-3 0 and 5 0 -CTTATGACCCGCACTTACTG-3 0 ). Serial dilutions (1-10
À4
) of a control cDNA sample (obtained from CEM 1301) were also used as external standards in each run. Amplifications were performed by 45 cycles of a three-step PCR in a Light Cycler (Roche): 951C for 10 s, 571C for 10 s and 721C for 8 s for 18S rRNA and 951C for 10 s, 601C for 10 s and 721C for 10 s for hTERT, with fluorescence detection after each cycle. After the final cycle, melting-point analysis at temperatures of 70-951C was performed for all samples, to assess the specificity of amplification. The hTERT/18S rRNA transcript ratio was calculated for each sample and hTERT mRNA levels were expressed with respect to the control.
Cell cycle analysis
Cells (0.5-1 Â 10 6 ) were washed with PBS, fixed in 70% ethanol and kept at À201C for at least 24 h. They were then washed in PBS and resuspended in 50 mg/ml propidium iodide and RNase (10 mg/ml) in PBS. The cell suspension was incubated for 30 min at room temperature and cell cycle distribution was determined by flow cytometry (FACSCalibur, Becton-Dickinson), with CellQuest software analysis and quantification using ModFit software.
TUNEL assay
Apoptotic cells were quantified by TUNEL assay, using the In situ Cell Death Detection Kit Fluorescein (Roche) according to the manufacturer's instructions. Cell preparations for microscopy were washed and counterstained with DAPI before observation under a fluorescence microscope (Olympus BX51). The percentage of cells that were apoptotic was calculated from at least 200 cells per sample. For flow cytometry analysis, cells were washed, resuspended in 5 mg/ml of propidium iodide in PBS and then subjected to flow cytometry.
Detection of cleaved caspase-3
Cells were fixed in 4% paraformaldehyde, and permeabilized using 0.1% Triton-X100. They were then incubated with a 1 : 200 dilution of rabbit antibody specific for the cleaved form of caspase-3 (cleaved caspase-3 (Asp175) antibody, Cell Signaling) for 50 min at room temperature. After washings, cells were incubated with a 1 : 100 dilution of Alexa Fluor 594-conjugated anti-rabbit IgG (Molecular Probes) for 1 h at room temperature and then counterstained with DAPI before observation under a fluorescence microscope.
Time-lapse video microscopy
The microsopy setup included an inverted microscope (Olympus IX81) coupled with a coolsnap HQ camera (Princetown instrument), which were controlled by Metamorph 6.2.1 software (Universal Imaging Corp.). During acquisition, cells were placed in an incubator chamber (LIS) at 371C. Phasecontrast images were taken using a CplanFI Â 10/0.3 objective with 30 ms exposure time, every 10 min during 18 h. All phasecontrast pictures were converted to eight-bit files before being assembled. Movies were processed in AVI format with Metamorph software.
Telomere length analysis
Telomere length was assessed by Southern blot determination of the mean TRF length as previously described (Pommier et al., 1997) . Briefly, high-molecular weight genomic DNA was digested with HinfI (10 U). Digested DNA (3-8 mg/well) was separated by electrophoresis (50 V for 14 h) in a 0.5 or 1% agarose gel, transferred to a nylon membrane (Hybond N þ , Amersham Pharmacia Biotech). Hybridization was carried out with a 32 P-end-labeled probe, (CCCTAA) 4 , for 16 h at 421C. Membranes were washed and placed against Molecular Imager screens overnight. The results were then analysed with Molecular Analysis 2.1 and Profit softwares.
Analysis of the telomeric-3
0 overhang
The nondenaturing hybridization assay to detect 3 0 telomere G-overhang was performed with a modification of the procedure described previously (Cimino-Reale et al., 2001; Gomez et al., 2003) . Aliquots of 2.5 mg of undigested genomic DNA were hybridized at 501C overnight with 0.5 pmol of g 32P ATP-labeled 21C oligonucleotide (5 0 -CCCTAACCC-TAACCCTAACCC-3 0 ) in Na/Mg hybridization buffer containing 20 mM Tris, pH 8.0, 0.5 mM EDTA, 50 mM NaCl, 10 mM MgCl 2 in a volume of 20 ml. Reactions were stopped by the addition of 6 ml of loading buffer (20% glycerol, 1 mM EDTA and 0.2% bromophenol blue) and samples were sizefractionated on 0.8% agarose gels in 1 Â TBE buffer containing ethidium bromide (EtBr). Gels were dried on a Whatman filter paper. EtBr fluorescence and radioactivity were scanned with a phosphorimager (Typhoon 9210, Amersham). Results were expressed as the relative hybridization signal normalized to the fluorescent signal of EtBr.
Chromosome analysis in metaphase and anaphase cells
Metaphase spreads of glioma cells were prepared as previously described (Dutrillaux and Couturier, 1981) and counterstained with Giemsa. Anaphase cells were visualized by giemsa staining of T98G or CB193 cells grown in 8-chambers labteks (Nunc) in the presence of 307A or DMSO during 10 days and fixed with 4% formaldehyde.
